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1. Introduction 
 
In the framework of Agreement#280204 (first year) it was necessary to review methods 
of apatite synthesis; identify optimal procedure of precursor preparation; obtain and study first 
fluorapatite samples. Although, some apatite-based ceramics were successfully synthesized 
using co-precipitated precursors and sintering method, there are still a lot of uncertainties 
related to optimal apatite doping with different radionuclides and non-radioactive elements. It 
is necessary to provide complete incorporation of waste elements into apatite crystalline 
structure avoiding formation of separate phases of radionuclides. Also, it is important to note 
that real waste streams might contain radionuclides with essentially different chemical 
features such as Cs, Sr, rare earth elements and actinides. Therefore, study of apatite loading 
capacity to different individual elements and their various combinations was a main goal of 
present research. 
 In the framework of current Agreement#280204-1 (second year) new samples of apatite-
based ceramic doped with Cs, Sr and rare earth elements were obtained and studied at KRI.  
 
 
2. Precursor preparation and ceramic synthesis 
 
We have decided to desire first types of apatite-based ceramics as various kinds of Sr-
fluorapatite because 90Sr is one of the most important radionulcides of waste streams. Also, 
we have taken into account that Sr-fluorapatite is characterized of higher chemical durability 
in comparison with Ca-fluorapatite. Our previous experience on apatite synthesis has shown 
that it has been difficult to keep stoichiometry of initial precursor during co-precipitation in 
order to provide almost 100% yield of final apatite phase. The use of excess of H3PO4 is 
necessary to control complete precipitation of strontium. However, it might cause formation 
of inappropriate phosphate phases such as Sr3(PO4)2 and Sr2P2O7. Therefore, we have 
suggested obtaining Sr-fluorapatite, Sr10(PO4)6F2, using two procedures of precursor 
preparation: 1) simple co-precipitation followed with rinsing by hot distilled water and 2) 
adding some amount of Sr in the form of Sr(NO3)2 into precipitate in order to provide further  
conversion of Sr3(PO4)2 and Sr2P2O7 into apatite. 
Second type of apatite-based ceramics studied at KRI was characterized by complex chemical 
composition in order to investigate incorporation of Zr and noble metals into apatite structure. 
Synthesis of fluorapatite doped with Zr and noble metals required new approach in 
comparison with pure undoped apatite or Sr-Cs-Nd-doped samples. This was caused by 
necessity to innovate precursor preparation. Commonly used co-precipitation technique is not 
efficient for such doping elements as Zr and noble metals which have special chemical 
behavior. Possible formation of stable inert phases of Zr and Ag (noble metal surrogate) 
during precursor preparation might cause inhomogeneity of final ceramic and formation of 
separate inclusions of fission elements. We decided to carry out solid-phase synthesis of Ca-
Sr-fluorapatite doped with Zr and Ag using different chemicals.  
 
The following procedures were used for preparation of starting precursor materials: 
 
#1 Undoped Sr-fluorapatite, Sr10(PO4)6F2 
1) Aqueous solution of Sr(NO3)2 was mixed with excess of phosphoric acid, H3PO4. 
2) The NH4OH has been added to change PH from 1 to 9. This caused precipitation of 
hydroxyl-apatite material. 
3) The powder obtained was rinsed in hot distilled water and then dried in air at 150°C for 1 
hour. 
4) Aqueous solution of (NH4)HF2 was added in amount calculated as 2.3 mole fluorine per 1 
mole hydroxyl-apatite. 
5) The suspension obtained was dried and then calcined in air at 900°C for 30 minutes. 
6) The precursor was mixed with aqueous solution of 5 % polyvinyl-alcohol (weight ratio of 
powder and solution was 10:1) and then dried in air at 25°C for 24 hours. 
7) Then starting material was cold pressed into pellets of 10 mm in diameter. 
 
#2 Undoped Sr-fluorapatite, Sr10(PO4)6F2 with adding additional Sr amount 
1) Aqueous solution of Sr(NO3)2 was mixed with excess of phosphoric acid, H3PO4. 
2) The NH4OH has been added to change PH from 1 to 9. This caused precipitation of 
hydroxyl-apatite material. 
3) The powder obtained was rinsed in hot distilled water and then dried in air at 150°C for 1 
hour. 
4) Saturated solution of Sr2(NO3)2 heated up to 70°C was mixed with powder of hydroxyl-
apatite. Then this material was filtered, rinsed in distilled water and then filtered again. 
5) Aqueous solution of (NH4)HF2 was added in amount calculated as 2.3 mole fluorine per 1 
mole hydroxyl-apatite. 
6) The suspension obtained was dried and then calcined in air at 900°C for 30 minutes. 
7) The precursor was mixed with aqueous solution of 5 % polyvinyl-alcohol (weight ratio of 
powder and solution was 10:1) and then dried in air at 25°C for 24 hours. 
8) Then starting material was a cold pressed into pellets of 10 mm in diameter. 
 
#3 Nd-Cs-doped fluorapatite, Sr8CsNd(PO4)6F2.3 
1) Aqueous solution of Sr(NO3)2 was mixed with excess of phosphoric acid, H3PO4. 
2) The NH4OH has been added to change PH from 1 to 9. This caused precipitation of 
hydroxyl-apatite material. 
3) The powder obtained was rinsed in hot distilled water and then dried in air at 150°C for 1 
hour. 
4) Aqueous solution of CsNO3, Nd(NO3)3 and (NH4)HF2 was mixed with hydroxyl-apatite 
powder. Desired stoichiometry was calculated as Sr8CsNd(PO4)6F2.3. 
5) The suspension obtained was dried and then calcined in air at 900°C for 30 minutes. 
6) The precursor was mixed with aqueous solution of 5 % polyvinyl-alcohol (weight ratio of 
powder and solution was 10:1) and then dried in air at 25°C for 24 hours. 
7) Then starting material was cold pressed into pellets of 10 mm in diameter. 
 
#4 Ca-Sr-fluorapatite doped with Zr and Ag, Ca9.05Sr0.8Zr0.05Ag0.1(PO4)6F2 
1) All starting compounds: CaO; SrF2; ZrO2; AgNO3; NH4H2PO4; NH4F we mixed together 
and repeatedly calcined at 400, 700 and 900°C. After each calcinations the material 
obtained was ground. 
2) The precursor was mixed with aqueous solution of 5 % polyvinyl-alcohol (weight ratio of 
powder and solution was 10:1) and then dried in air at 25°C for 24 hours. 
3) Then starting material was cold pressed into pellets of 10 mm in diameter. 
 
#5 Ca-Sr-fluorapatite doped with Zr and Ag, Ca9.05Sr0.8Zr0.05Ag0.1(PO4)6F2 
1) All starting compounds: CaO; Sr(OH)2x8H2O; ZrO(NO3)2x2H2O; AgNO3; NH4H2PO4; 
NH4F we mixed together and repeatedly calcined at 400, 700 and 900°C. After each 
calcinations the material obtained was ground. 
2) The precursor was mixed with aqueous solution of 5 % polyvinyl-alcohol (weight ratio of 
powder and solution was 10:1) and then dried in air at 25°C for 24 hours. 
3) Then starting material was cold pressed into pellets of 10 mm in diameter. 
All pellets obtained were sintered in air at 1250°C for 4 hours.  
 
 
3. Samples obtained 
 
Main features of ceramic pellets obtained are summarized in Table 1. No cracks were 
observed in ceramic matrices, however, sample #4 was characterized by high porosity. 
 
Table 1. Genaral features of ceramic pellets obtained 
Sample, desired composition Weight, g Diameter, mm Density, g/cm3 
0.6 8.6 3.6 #1. Sr10(PO4)6F2 from precipitated 
precursor 0.8 8.4 3.7 
0.9 8.6 3.8 #2. Sr10(PO4)6F2  from precipitated 
precursor and adding Sr(NO3)2 0.9 8.5 3.8 
0.8 9.1 3.5 # 3. Sr10(PO4)6F2 doped with Cs 
and Sr 0.9 9.1 3.7 
0.6 8.6 2.5 # 4. Ca9.05Sr0.8Zr0.05Ag0.1(PO4)6F2 0.7 8.6 2.4 
0.7 8.6 3.1 
0.8 8.6 3.1 # 5. Ca9.05Sr0.8Zr0.05Ag0.1(PO4)6F2 
0.7 8.6 3.1 
 
 
4. XRD analysis 
 
Half a pellet of each sample #1-5 was ground and used for X-ray diffraction quantitative 
analysis. The results obtained (Fig. 1, Table 2) demonstrated that formation of Sr-fluorapatite 
phase took place already during preparation of starting precursor. This is similar to Ca-
fluorapatite obtained in previous experiments. 
The highest yield of apatite phase (about 65 wt.%) has been observed in sample #2, when 
additional amount of Sr in the form of Sr(NO3)2 was added into precipitated and calcined 
powder. This confirmed our expectation that during co-precipitation under excess of H3PO4 
(in order to provide complete Sr precipitation) it is difficult to secure stoichiometry of final 
starting material. Although, we found the way to provide essential increase of apatite yield, 
obtaining single-phase ceramic will require solving a problem of fluorine lack. 
 
Table 2. Phase composition of ceramics based on Sr-fluorapatite and Sr-Ca- fluorapatite 
Phase yield from XRD, wt.% 
Sample Desired formula apatite SrHPO4 
alpha and beta 
Sr(Ca)P2O7 
Sr3(PO4)2 
Sr-precursor − 50 50 − − 
#1 Sr10(PO4)6F2 50 − 40 10 
#2 Sr10(PO4)6F2 65 − 10 25 
#3 Sr8CsNd(PO4)6F2.3 30 − 40 30 
#4 Ca9.05Sr0.8Zr0.05Ag0.1(PO4)6F2 − − 100 − 
#5 Ca9.05Sr0.8Zr0.05Ag0.1(PO4)6F2 25 − 75 − 
 
Very promising result was obtained from sample of Sr-fluorapatite (sample #3) doped with Cs 
and Sr. The yield of apatite phase in this ceramic was even less than in starting un-doped 
precursor, however, no separate phases of Cs and Nd have been observed.  
Figure 1. X-ray powder diffraction analysis of starting precursor and ceramic based on Sr-
fluorapatite. Phases are marked by: apatite -“A”; Sr3(PO4)2 - “∗” and  Sr2P2O7 – “g”. 
 
The results of XRD analyses of both samples of Ca-Sr-fluorapatite doped with Zr and Ag 
demonstrated (Table 2) that yield of apatite phase is very sensitive to composition of starting 
precursor. The use of SrF2 caused formation of 100 % Sr(Ca)P2O7 instead of apatite. 
Structural positions of F, Zr and Ag in this phase are unclear. The use of Sr(OH)2x8H2O 
instead of  SrF2 allowed providing 25 % apatite yield, however, optimal conditions for the 
synthesis of fluorapatite doped with Zr and noble metal require further investigation.    
 
 
5. Optical microscopy 
 
Single pellet of each sample #1-3 was cut by diamond blade on two similar parts. Then a half 
of each pellet was placed into acrylic resin and polished in order to obtain cross-section 
specimen for optical examination. The same samples was used for SEM and microprobe 
analysis.  
No cracks were observed in all ceramic matrices (Fig. 2-3). Samples #1 and #2 of undoped 
Sr-fluorapatite are characterized by relatively homogeneous matrices, although sample #1 has 
a higher porosity level (Fig. 2a). Ceramic based on Sr-fluorapatite doped with Cs and Nd 
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(Sample #3) is more porous in comparison with undoped samples (Fig. 3). Double phase 
composition (phases with dark-gray and light-gray contrast) was clear observed in optical 
microscope (Fig. 3). 
 
 
Figure 2. Optical microphotographs of ceramic based on undoped Sr-fluorapatite. Reflected 
light images of polished cross-sections. Black dots are void spaces (pores). Both samples #1 
(A) and #2 (B) were obtained from the same co-precipitated precursor but adding of Sr(NO3)2 
in starting material of sample #2 has been done before final sintering. 
 
 
 
 
Figure 3. Optical microphotographs of ceramic based on Sr-fluorapatite doped with Cs and 
Nd (sample # 3). Reflected light images of polished cross-section. Black dots are void spaces 
(pores). At least two phases with dark-gray and light-gray contrast might be observed in 
ceramic matrix. 
 
6. SEM and EMPA of Cs-Nd-doped Sr-fluorapatite 
 
The same polished pellet of sample #3 used for examination in optical microscope (Fig. 3) 
was applied for study by SEM and EMPA methods. Backscattered electron imaging (Fig. 4) 
allowed clear observation of two phases such as: apatite (light gray) and another Sr-phosphate 
(dark gray). 
 
 
 
 
Figure 4. Backscattered electron images (at different magnification) of ceramic based on Sr-
fluorapatite doped with Cs and Nd (sample #3). Light-gray is Sr-fluorapatite and dark-grey 
phase is Sr-phosphate. 
 
Microprobe analyses of every phase was carried out first excluding fluorine and cesium. Then 
cesium content has been measured by EMPA using special WDS technique. The results 
obtained are summarized in Table 3. It is important to note that Cs was accommodated by all 
phosphate phases although Nd admixture remained only in apatite. Cesium distribution is not 
homogeneous and it varies in a broad range from 0.1 to 0.6 wt.%. We assume that part of Cs 
volatized during ceramic synthesis at 1250°C. This means that successful Cs incorporation 
into apatite structure requires development of more optimal synthesis conditions. 
 
 
Table 3. Chemical composition of ceramics based on Sr-fluorapatite doped with Cs and Nd 
(sample #3). 
Calculated Measured by EMPA Element content, 
wt.% apatite other phosphates apatite other phosphates 
Sr 58 50-58 57.5-58.9 48.5-55.1 
Cs 1 - 0.1-0.6 0.1-0.6 
Nd 1 - 0.7-0.8 - 
P 12 18-14 11.8-13.7 14.6-17.2 
O 25 32-28 No data No data 
F 3 - No data No data 
 
 
 
Conclusions 
 
1) The Sr-fluorapatite demonstrated similar features with Ca-fluorapatite. Essential yield up 
to 50 wt.% of Sr-fluorapatite takes place during precursor fabrication. 
2) Co-precipitation of “raw” Sr-fluorapatite under excess of H3PO4 is accompanied with the 
change of stoichiometry and as a result – formation of Sr2P2O7 and Sr3(PO4)2 phases. 
Adding of Sr(NO3)2 into co-precipitated material allows essential increasing apatite yield. 
However, obtaining single-phase ceramic will require solving a problem of fluorine lack. 
3) No separate phases of Cs and Nd have been observed by XRD, SEM and EMPA in 
ceramic with desired formula Sr8CsNd(PO4)6F2.3. Although, other phosphate phases such 
as: Sr2P2O7 and Sr3(PO4)2 have been identified in this sample, Nd was accommodated 
only into apatite.  
4) Cesium behavior was completely different in comparison with Nd although cesium was 
considered as a charge compensator in apatite phase with desired formula 
Sr8CsNd(PO4)6F2.3. It was incorporated into all phosphates. Cesium distribution was not 
homogeneous and it varied in a broad range from 0.1 to 0.6 wt.%. It is assumed that part 
of Cs volatized during ceramic synthesis at 1250°C.  
5) Solid phase synthesis of Ca-Sr-fluorapatite doped with Zr and Ag is very sensitive to 
composition of starting precursor. The use of SrF2 in starting precursor did not cause any 
yield of apatite phase. The use of Sr(OH)2x8H2O instead of  SrF2 allowed providing 25 % 
apatite yield, however, development of optimal conditions for the synthesis of fluorapatite 
doped with Zr and noble metal requires further investigation.    
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